One-dimensional zinc oxide nanostructures have aroused interest from scientists and engineers for electron field emission applications because of their experimentally accessible high aspect ratio in combination with their low work function. A comprehensive study of the vapor-solid growth of zinc oxide (ZnO) nanowhiskers by utilizing zinc acetylacetonate hydrate and oxygen at low temperature (580 • C) is reported herein. The nanowhiskers morphology was investigated by varying different growth parameters, such as temperature, substrate type and position, gas flow, precursor amount, and growth time. According to the obtained parameter dependences, the process was optimized to achieve homogenous crystalline nanowhiskers with high aspect ratios and clearly defined surface facets and tips. We show electron field emission measurements from tailor-made ZnO nanowhiskers grown on n-doped silicon, titanium thin films, and free-standing silicon nitride membranes, revealing field emission turn-on fields significantly lower compared to a perfect flat ZnO thin film. Especially the latter devices-ZnO nanowhiskers on a free-standing membrane-might pave the way into a novel nanomembrane detector unit in proteomics, which can significantly extend the mass range of current time-of-flight mass spectrometers.
Introduction
Zinc oxide (ZnO) is a typical II-VI-semiconductor with exploitable properties, such as low work function, piezoelectricity, biocompatibility, and (transparent) electrical conductivity, to name a few [1] [2] [3] [4] [5] [6] . In recent years, zinc oxide (ZnO) nanostructures have gained major interest because many different morphologies can be synthesized offering a broad field of applications. According to the desired properties of ZnO nanostructures and the variety of achievable geometries, several applications including the use as chemical sensors, electronics, devices in photocatalysis and for medical purposes have been realized [1] [2] [3] [4] [5] [7] [8] [9] [10] . Specifically, arrays of one-dimensional ZnO nanostructures are promising candidates for electron field emission applications due to their high aspect ratio and low work function of the material [4, 5] .
ZnO nanowires can be produced by chemical vapor deposition, solvo-and hydrothermal wet chemical synthesis and physical vapor deposition methods [7, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The vapor-solid growth of ZnO nanowires using zinc acetylacetonate hydrate and oxygen as precursors was first reported in 1999 [21] . 
2.2.Structural Characterization
Scanning electron microscope measurements were carried out on a Zeiss Supra 55 (Zeiss, Oberkochen, Germany) at 3 kV of acceleration voltage. The length and diameter of the nanowhiskers were analyzed by measuring the values of at least 10 nanowhiskers in cross-section SEM pictures with ImageJ [39] . The results were plotted as histograms and the average values, as well as the standard deviations, were determined by gauss-fits of the distribution. To determine the nanowhiskers' length, nanowhiskers grown on the substrate edges have been analyzed which might lead to slightly higher values compared to the nanowhiskers on the top surface of the substrate. Focused Ion Beam (FIB) milling was performed at 30 kV and with 50 pA, whereas the SEM images were taken at 2 kV, both with a Crossbeam 550 by Zeiss. This instrument was also used for energy-dispersive X-ray spectroscopy at an operation voltage of 10 kV and a current of 2.9 nA.
The crystal structure was analyzed via X-ray diffraction (XRD) under both Bragg-Brentano and Grazing Incidence mode (incident angle = 1°) at 40 kV, 40 mA with a step size of 0.01° and step time of 3 s (Cu Kα, Bruker AXS D8 Advance, (Billerica, MA,USA)).
2.3.Electron Field Emission Measurements
Field emission (FE) measurements were conducted in a home-built setup resembling a plate capacitor geometry encapsulated in a high vacuum. The electric field was step-wise increased between In this work, the low-temperature vapor-solid growth of ZnO nanowhiskers in a three-zone tube furnace by utilizing zinc acetylacetonate hydrate and oxygen as precursors were investigated in detail. A comprehensive study of ZnO nanowhisker array growth as a function of the process parameters, namely temperature (500-650 • C), substrate type and position, gas flow as well as zinc precursor amount and growth time, is reported. For the first time, electron field emission characteristics of ZnO nanowhisker array devices grown in optimized conditions with the precursor combination are investigated using a home-built electron field emission setup.
Materials and Methods

Nanostructured ZnO Growth
For the growth of ZnO nanowhiskers, zinc acetylacetonate hydrate powder (purchased from Sigma-Aldrich) and oxygen (purity 5.0) gas were used as precursors. All chemicals were used as received unless otherwise stated. Growth was carried out in a horizontal three-zone tube furnace Coatings 2019, 9, 698 3 of 16 (MTI corporation, OTF-1200X-III-UL, Richmond, CA, USA). A schematic of the growth is presented in Figure 1b . The zinc acetylacetonate hydrate powder was evenly distributed in a ceramic crucible (width 0.7 cm, length 8.5 cm, capacity 7 ml, maximum weight of zinc acetylacetonate hydrate powder which can be loaded 3.5 g) which was placed in the middle of the first heating zone. A 5 mm × 5 mm substrate was positioned in the front-third of another ceramic boat at the beginning of the third heating zone. The tube furnace was evacuated below 0.05 Pa. In a typical process, constant argon (purity 5.0) and oxygen gas flow were used during the growth process resulting in a pressure of 420 Pa. The entire system was pre-heated to 70 • C for 2 h to remove adsorbed substances and to flush the system. In the next step, the temperature of the third zone was increased to the growth temperature. The temperatures of the first and second zone were kept at 70 • C for another 30 min before heating to the final temperatures. The zinc precursor powder (first heating zone) was vaporized at 110 • C. The third zone (growth area) was heated to the growth temperature within 30 min, while the second zone (transition zone) was kept constant at 200 • C. A typical growth process was executed for 4 h. Subsequently, the system cooled down following the furnace's natural cool-down curve.
Structural Characterization
The crystal structure was analyzed via X-ray diffraction (XRD) under both Bragg-Brentano and Grazing Incidence mode (incident angle = 1 • ) at 40 kV, 40 mA with a step size of 0.01 • and step time of 3 s (Cu Kα, Bruker AXS D8 Advance, (Billerica, MA, USA)).
Electron Field Emission Measurements
Field emission (FE) measurements were conducted in a home-built setup resembling a plate capacitor geometry encapsulated in a high vacuum. The electric field was step-wise increased between the sample under test and the gate electrode, which is comprised of a 59 lines-per-centimeter nickel mesh. Electrons emitted from the ZnO nanowhiskers were accumulated at a polished metal plate (anode) and the electron current was magnified by a transimpedance amplifier. To obtain the output (field emission) current, the signal was integrated over time (integration time 2 s with about 2 × 10 6 data points). To ensure a constant distance between the sample and gate electrode, which is essential to determine the exact applied electric field, a 50 µm thick PTFE sheet was used. This spacer served as insulation of the two electrodes, while providing electrical contact to the ZnO nanowhisker array by a 50 nm gold coating with 5 nm titanium as an adhesion layer deposited by physical vapor deposition. Before a sample under test was brought into the measurement setup, a thermal heat treatment was performed for 3 h at 150 • C on a hot plate to evaporate aqueous residues and thereby, lower the probability for electrical breakdown during the field emission examination.
Results and Discussion: Process Optimization
In the following, we present in detail how the growth parameters influence the nanostructure's morphology. A complete table with the process parameters, the dimensions of the investigated nanowhisker samples ( image analysis, the calculated aspect ratio, and the number of measured nanowhiskers is given in the supplemental information (Table S1) . 
Substrate Position
The position of the substrate in the growth zone determines the morphology of the grown nanostructures. Three different positions were investigated (front, center, and back inside the ceramic boat) within the same growth process performed at 550 °C. The corresponding SEM images of the samples are shown in Figure 2 . Only when the substrate is placed in the front of the boat (Figure 2a ), ZnO nanowhiskers grow. In contrast, a polycrystalline film is formed when the substrate is laid in the center of the ceramic boat (Figure 2b ), whereas the growth of only individual island crystallites is observed for the substrate position in the back of the boat (Figure 2c ). As it is caused by the large temperature difference for the precursor vapor at the beginning of the third heating zone, the nucleation and growth of the nanowhiskers are preferable at the front position. Most of the precursor is already consumed in the front of the boat, and the concentration of the precursor in the vapor phase downstream is decreased [40] [41] [42] . Therefore, no growth of nanowhiskers in the center and in the back of the boat occurs. Note, this effect is not only related to the herein used precursor combination, but it has been reported in a study that utilized Zn powder and oxygen gas before. Therein, the length and the spatial distribution of the nanowhiskers on the substrate are decreasing by increasing the distance between the substrate and the beginning of the heating zone in which it is placed [43] .
Growth Temperature
The growth temperature is one of the most essential parameters to control the morphology of the grown ZnO nanostructures varying from polycrystalline thin film to nanowhiskers with significantly different surface facets and tips. Scanning electron microscope (SEM) analysis reveals the morphology changes as a function of temperature between 500 and 650 °C as displayed in Figure  3 . At 500 °C (Figure 3a) , only a polycrystalline, closed film of ZnO is formed. Note, by increasing the temperature by only 50 °C, the growth can be turned into the formation of regularly ordered nanowhiskers with an average length of 570 ± 64 nm ( Figure 3b ). The diameter of these whiskers varies between 120 nm and 230 nm. However, crystalline surface facets of these whiskers are not clearly observable and the tips appear roundish. A further rise in temperature to 580-600 °C ( Figure  3c , d) leads to regularly ordered and vertically aligned nanowhiskers with average lengths of 543 ± 56 nm and 233 ± 65 nm and diameters of 186 ± 43 nm and 101 ± 25 nm, respectively. The surface facets and tips are now clearly defined and obvious. Nevertheless, at 600 °C, some of the nanowhiskers grow together and the facets and tips of these merged whiskers are not clearly identifiable. At temperatures above 650 °C (Figure 3e ), a rough, polycrystalline film of ZnO is formed again, in which only isolated nanowhiskers with lengths and diameters of 78 ± 28 nm and 86 ± 31 nm and visible surface facets developed. Interestingly, the consumption of the zinc acetylacetonate hydrate powder increased proportionally to the growth temperature in the third zone ( Figure 3f ) by keeping the vaporizing temperature in the first zone constant at 110 °C. We explain this interdependency by the change of the partial pressure of the zinc precursor in the system. At higher temperatures in the growing zone (third zone), the zinc precursor decomposes faster leading to an accelerated reaction with oxygen. Therefore, more ZnO is formed and is deposited compared to lower growth temperatures. As a consequence, the precursor content in the vapor phase decreases. To maintain constant partial pressure in the system, more precursor powder vaporizes in the first heating zone [44] .
Our observed dependence of the ZnO nanowhisker morphology with the growth temperature is in good agreement with previously reported results [21] [22] [23] 27] . The optimal growth temperature of 580 °C to obtain homogeneous nanowhiskers with aspect ratios as high as possible, was slightly higher than previously reported from different groups (450-500 °C) [21] [22] [23] 27] . This deviation might be caused by the different experimental setups resulting in different temperatures or precursor flow O2 flow) to 72.5 ± 7.7° and 65.8 ± 12.4° by increasing the oxygen flow to 50 sccm and 83 sccm, respectively. The relation between the oxygen flow and the nanowhisker morphology reported here is in good agreement with a previous study in which a mixture of ZnO powder and graphite as solid precursors in combination with low oxygen flows (0.25-0.55 sccm) has been used [42] . We also studied the influence of the argon flow, but the changes in the morphology are not as significant as for the variation of the oxygen flow. The corresponding SEM images are shown in the supplementary information ( Figure S1 ).
As already mentioned above in the section about the temperature dependence, an increased nitrogen/oxygen flow can reduce the growth temperatures [23, 27] . The carrier gas flow in our vaporizes in the first heating zone and reacts in the third zone is increased. As a consequence, more zinc in quantity is present in the third heating zone which results in an enhancement of the nanowhisker growth in length. The change in the nanowhiskers dimensions occurs even more clearly if the growth time is also increased ( Figure 6b ). The longest nanowhiskers achieved in our setup within a 20 h growth and an initial precursor amount of 3.5 g reached a length of 8.216 ± 1.34 µm and a diameter of 721 ± 81 nm leading to an aspect ratio of 11.4 ( Figure S2 ). 
Substrate Position
The position of the substrate in the growth zone determines the morphology of the grown nanostructures. Three different positions were investigated (front, center, and back inside the ceramic boat) within the same growth process performed at 550 • C. The corresponding SEM images of the samples are shown in Figure 2 . Only when the substrate is placed in the front of the boat (Figure 2a ), ZnO nanowhiskers grow. In contrast, a polycrystalline film is formed when the substrate is laid in the center of the ceramic boat (Figure 2b ), whereas the growth of only individual island crystallites is observed for the substrate position in the back of the boat (Figure 2c ). As it is caused by the large temperature difference for the precursor vapor at the beginning of the third heating zone, the nucleation and growth of the nanowhiskers are preferable at the front position. Most of the precursor is already consumed in the front of the boat, and the concentration of the precursor in the vapor phase downstream is decreased [40] [41] [42] . Therefore, no growth of nanowhiskers in the center and in the back of the boat occurs. Note, this effect is not only related to the herein used precursor combination, but it has been reported in a study that utilized Zn powder and oxygen gas before. Therein, the length and the spatial distribution of the nanowhiskers on the substrate are decreasing by increasing the distance between the substrate and the beginning of the heating zone in which it is placed [43] .
Growth Temperature
The growth temperature is one of the most essential parameters to control the morphology of the grown ZnO nanostructures varying from polycrystalline thin film to nanowhiskers with significantly different surface facets and tips. Scanning electron microscope (SEM) analysis reveals the morphology changes as a function of temperature between 500 and 650 • C as displayed in Figure 3 . At 500 • C (Figure 3a) , only a polycrystalline, closed film of ZnO is formed. Note, by increasing the temperature by only 50 • C, the growth can be turned into the formation of regularly ordered nanowhiskers with an average length of 570 ± 64 nm ( Figure 3b ). The diameter of these whiskers varies between 120 nm and 230 nm. However, crystalline surface facets of these whiskers are not clearly observable and the tips appear roundish. A further rise in temperature to 580-600 • C (Figure 3c ,d) leads to regularly ordered and vertically aligned nanowhiskers with average lengths of 543 ± 56 nm and 233 ± 65 nm and diameters of 186 ± 43 nm and 101 ± 25 nm, respectively. The surface facets and tips are now clearly defined and obvious. Nevertheless, at 600 • C, some of the nanowhiskers grow together and the facets and tips of these merged whiskers are not clearly identifiable. At temperatures above 650 • C (Figure 3e ), a rough, polycrystalline film of ZnO is formed again, in which only isolated nanowhiskers with lengths and diameters of 78 ± 28 nm and 86 ± 31 nm and visible surface facets developed.
Interestingly, the consumption of the zinc acetylacetonate hydrate powder increased proportionally to the growth temperature in the third zone ( Figure 3f ) by keeping the vaporizing temperature in the first zone constant at 110 • C. We explain this interdependency by the change of the partial pressure of the zinc precursor in the system. At higher temperatures in the growing zone (third zone), the zinc precursor decomposes faster leading to an accelerated reaction with oxygen. Therefore, more ZnO is formed and is deposited compared to lower growth temperatures. As a consequence, the precursor content in the vapor phase decreases. To maintain constant partial pressure in the system, more precursor powder vaporizes in the first heating zone [44] .
Our observed dependence of the ZnO nanowhisker morphology with the growth temperature is in good agreement with previously reported results [21] [22] [23] 27] . The optimal growth temperature of 580 • C to obtain homogeneous nanowhiskers with aspect ratios as high as possible, was slightly higher than previously reported from different groups (450-500 • C) [21] [22] [23] 27] . This deviation might be caused by the different experimental setups resulting in different temperatures or precursor flow profiles in the reaction chamber [21, 22] . It has also been reported that an increased nitrogen/oxygen flow rate of 250-750 sccm compared to our accessible flow rate (max. 100 sccm O 2 ) in combination with a higher vaporizing temperature of the zinc precursor (130-140 • C) resulted in growth at lower temperatures [23, 27] . A raised higher gas flow will transports a higher amount of vaporized precursor, which enhances the probability of nucleation and thus, growth at lower temperatures. Lastly, by changing the precursor combination to the more reactive diethylzinc and oxygen, one can lower the growth temperatures to around 300 • C as shown in a metal organic chemical vapor deposition (MOCVD) process [45] .
Oxygen and Argon Flow
By varying the oxygen flow (25, 50, 83 sccm), the surface facets and the nanowhisker tips can be tuned ( Figure 4 ). Zinc oxide has to be deposited from the vapor phase on the substrate to grow as nanowhiskers. The degree of supersaturation of zinc in the vapor phase depends on the oxygen concentration and thus, on the oxygen flow. With increasing flow, sufficient oxygen for the growth of ZnO nanowhiskers is available in the system. The tips and surface facets of the nanowhiskers become sharpened with increasing oxygen flow. The tip angles decreased from 90.0 ± 13.5 • (25 sccm O 2 flow) to 72.5 ± 7.7 • and 65.8 ± 12.4 • by increasing the oxygen flow to 50 sccm and 83 sccm, respectively. The relation between the oxygen flow and the nanowhisker morphology reported here is in good agreement with a previous study in which a mixture of ZnO powder and graphite as solid precursors in combination with low oxygen flows (0.25-0.55 sccm) has been used [42] .
We also studied the influence of the argon flow, but the changes in the morphology are not as significant as for the variation of the oxygen flow. The corresponding SEM images are shown in the supplementary information ( Figure S1 ).
As already mentioned above in the section about the temperature dependence, an increased nitrogen/oxygen flow can reduce the growth temperatures [23, 27] . The carrier gas flow in our experimental setup has much less impact on the nanowhisker morphology than reported elsewhere. The observed lower impact of the argon flow is probably caused by our experimentally limited lower flow of 25-100 sccm in comparison to a previous report by another group (250-500 sccm and 70-200 sccm) [23] .
Precursor Amount and Growth Time
The nanowhisker's length and diameter can be altered by controlling the amount of the precursor used within the process as well as by adjusting the growth time. On the one hand, changing the growth time (2, 4, 8 h) while using the same amount of zinc precursor (0.7 g) has only a small effect on the morphology of the nanostructures (Figure 5a,b,c) . The length and the diameter seem to slightly increase with time but remain within the standard deviation. The lengths are 600 ± 55 nm, 646 ± 41 nm, 697 ± 79 nm and the corresponding diameters were determined to 180 ± 40 nm, 227 ± 55 nm, and 231 ± 48 nm for 2, 4, and 8 h growth time, respectively. Moreover, we found that an increase of the growth time at constant precursor amount (0.7 g) causes the formation of slightly longer nanowhiskers at the edges, but also leads to the growth of a polycrystalline film in the center of the substrate (compare Figure 5c to Figure 5d ). On the other hand, doubling the precursor amount (1.4 g) by keeping the growth time constant at 4 h leads to an increase of the nanowhisker's length to 1.355 ± 0.329 µm (Figure 5e ). Another raise of the zinc precursor amount to 2.8 g and 3.5 g results in even longer nanowhiskers (Figure 5g ,i). A linear increasing trend of length as a function of precursor amount can be derived as displayed in Figure 6a . In detail, we found that precursor consumption is proportional to the initial amount of zinc precursor powder placed in the ceramic crucible (Figure 6a) . A high starting precursor amount increases the supersaturation of the vapor phase with the zinc precursor compared to lower precursor amounts and thus, accelerates the growth of the whiskers, which in turn results in faster precursor consumption. To keep the vapor partial pressure constant, more precursor has to evaporate in the When the precursor amount and the growth time are simultaneously doubled (8 h growth at 1.4 g zinc acetylacetonate hydrate powder), the diameter and the length of the nanowhiskers have a double-fold increase, resulting in 461 ± 171 nm and 1.27 ± 0.11 µm, respectively (Figure 5f ). Repeating the study of nanowhisker length vs. growth time with an increased precursor amount (3.5 g) reveals a stronger non-linear increase of the nanowhisker length compared to the former study at a reduced precursor load of 0.7 g (Figure 6b ). However, the nanowhiskers morphology and shape remains constant as a function of growth time (Figure 5i-l) . The surface facets are clearly visible for all growth times. Note, we could not observe polycrystalline thin film deposition in the center of the sample for all growth times explored herein with the maximum possible precursor load of 3.5 g. To conclude, by using more zinc precursor for the growth process, the absolute value of the precursor amount that vaporizes in the first heating zone and reacts in the third zone is increased. As a consequence, more zinc in quantity is present in the third heating zone which results in an enhancement of the nanowhisker growth in length. The change in the nanowhiskers dimensions occurs even more clearly if the growth time is also increased (Figure 6b ). The longest nanowhiskers achieved in our setup within a 20 h growth and an initial precursor amount of 3.5 g reached a length of 8.216 ± 1.34 µm and a diameter of 721 ± 81 nm leading to an aspect ratio of 11.4 ( Figure S2 ).
In detail, we found that precursor consumption is proportional to the initial amount of zinc precursor powder placed in the ceramic crucible ( Figure 6a ). A high starting precursor amount increases the supersaturation of the vapor phase with the zinc precursor compared to lower precursor amounts and thus, accelerates the growth of the whiskers, which in turn results in faster precursor consumption. To keep the vapor partial pressure constant, more precursor has to evaporate in the first zone. The growth time of course also affects the length of the nanowhiskers, but the proportionality factor is determined by the used amount of zinc precursor, specifically by the vapor partial pressure. The precursor consumption has a non-linear relation to the growth time ( Figure 6b ) indicating that the growth is faster in the beginning and slows down during the process. This observation explains the deviation of the linearity for whiskers length as a function of time. Note, Baxter et al. reported that an increase in growth time can result in the formation of secondary nanowires, which we cannot confirm in our study [22] . We believe that the increased amount of zinc precursor, compared to their work, keeps the supersaturation of the precursor vapor high enough to allow only the growth of the primary nanowhiskers and suppress secondary nanowire growth [22, 46] . However, the morphology turned into a film-like structure when the growth time was increased without adapting the precursor amount. We believe that the axial growth starts to dominate the overall nanowhisker growth at long growth times and reduced precursor partial pressure. As a consequence, the initially free-standing whiskers coalesce forming a nanostructured thin film where the former tips are still apparent at the top surface.
Substrate Type
With respect to the aforementioned applications, nanowhisker growth has to be achieved on very different substrates. As shown in the previous sections, equally distributed nanowhiskers with clearly observable surface facets and tips grow on SiO 2 /Si substrates (Figure 7a ) by using 1.4 g zinc precursor powder, 580 • C growth temperature, and 4 h growth time. Similar results can be observed on Si 3 N 4 (Figure 7b ) and n-doped Si substrates (Figure 7c ). The shapes of the surface facets and tips are similar compared to the whiskers on SiO 2, while the length and diameter changed to 1.385 ± 0.072 µm and 236 ± 59 nm for Si 3 N 4 and 863 ± 191 nm and 347 ± 77 nm for n-doped Si. Nanowhiskers are also formed on a 40 nm titanium thin film grown by physical vapor deposition on a standard silicon wafer (Figure 7d ). The whisker's length is 1.08 ± 0.37 µm while the diameter is 389 ± 86 nm. However, the tips of these whiskers were more rounded and the surface facets were not as clearly pronounced as on SiO 2 , Si 3 N 4 , and n-doped Si. When running the same process on a pre-defined ZnO buffer layer (deposited by atomic layer deposition), only a polycrystalline film (Figure 7e ) without nanowhisker growth was observed. The growth of ZnO nanowires on a ZnO seed layer has been previously reported in the literature [38, 47] . However, different precursor combinations have been evaluated in these studies using zinc oxide powder or zinc powder and oxygen for the nanowire growth on a seed layer. Utilizing zinc acetylacetonate hydrate powder and oxygen as precursors as used herein has not been reported for growth on ZnO buffer layers yet, but it might be possible at modified process parameters extending the studied parameter range herein. Lastly, only the growth of ZnO crystallites is obvious in gold nanoparticles (average Au particle diameter 67 ± 25 nm) prepared by dewetting a thin gold film (Figure 7f ).
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Summary of Optimized Growth Parameters
Nanowhiskers can be grown in optimized conditions with aspect ratios from 7.7 to 16.0 depending on the substrate type. It was previously reported in the literature that nanowhiskers with aspect ratios of 4.4 [23] , 50.0 [22] , and 67.0 [21] have been fabricated by using zinc acetylacetonate and oxygen as precursors. As already discussed above, different experimental setups, as well as substrate types and higher gas flows, might have caused different growth behavior and nanowhiskers with increased dimensions and aspect ratios were fabricated, compared to the structures produced in this work.
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The following parameters have been used for the growth of all ZnO nanowhisker samples examined with respect to their field emission properties. A growth temperature of 580 • C, a zinc precursor amount of 3.5 g, and a growth time of 20 h with oxygen and argon flow of 83 sccm and 100 sccm, respectively. The selected growth temperature and gas flow caused the growth of densely packed ZnO nanowhiskers with clearly pronounced surface facets and tips, as described in the growth parameter study. Further, the precursor amount and growth time relation was chosen to attain the largest aspect ratio possible in the tube furnace, which was mostly limited by the size of the precursor boat.
For a sufficient electrical contact to the entire ZnO nanowhisker array needed for the field emission (FE) measurements, the following conductive substrate types have been used: n-doped Si, Ti film on bulk Si, and Ti on a 1.5 µm thick silicon nitride (SiN) membrane. The length and diameter for ZnO nanowhiskers grown on n-doped Si were determined to be 4871 ± 809 nm and 344 ± 115 nm, respectively. For the growth on Ti film, a nanowhisker length of 4392 ± 596 nm and a diameter of 406 ± 255 nm were found, whereas, a length of 2937 ± 493 nm and diameter of 381 ± 224 nm were extracted for nanopillars grown on a Ti-coated SiN membrane. These dimensions have been attained from the nanowhiskers' cross-section at the center of each sample to get an impression of the geometry of the emitter array at the FE area (Figure 8) . These nanowhisker devices are promising candidates for subsequent electron field emission measurements due to their sharp tips and their aspect ratio of about 10 leading to a local electrical field enhancement.
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Structural and Compositional Analysis of Optimized ZnO Nanowhiskers
The XRD spectra (Figure 9 ) of the optimized nanowhiskers showed diffraction peaks corresponding to the planes (002) and (004) of the hexagonal structure of ZnO (PDF 01-070-2551). The analysis shows a clear preferential alignment of the nanowhiskers into the c-axis direction for both runs. The presence of the low-intensity (101) peak, only possible to be visualized in a log scale (inset of Figure 9 ), in addition to the (002) and (004) peaks, indicates the occurrence of non-epitaxial growth. XRD scans of two different syntheses run under identical conditions prove the high reproducibility of our synthesis routine.
Energy-dispersive X-ray spectroscopy ( Figure 10 ) of a nanowhisker at the substrate edge revealed a homogenous ratio of zinc and oxygen along the nanowhisker axis. The atomic ratio amounts to 1:1 for Zn:O within the given error. 
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Field Emission Measurements
Characteristic field emission-the non-linear increase of emission current-is observed for ndoped Si, Ti film on Si, and a Ti-coated 1.5 µm-thick freestanding SiN membrane upon increasing the applied electrical field (Figure 11a ). In detail, the turn-on field-here defined as the applied electric field necessary for the emission current to overcome a 5σ threshold from the data mean-is found to be lower for ZnO nanowhiskers grown on n-doped Si than for nanowhiskers grown on Ti films. Note, the local electric field at the tip of an emitter can be in orders of magnitudes higher than the externally 
Characteristic field emission-the non-linear increase of emission current-is observed for n-doped Si, Ti film on Si, and a Ti-coated 1.5 µm-thick freestanding SiN membrane upon increasing the applied electrical field (Figure 11a ). In detail, the turn-on field-here defined as the applied electric field necessary for the emission current to overcome a 5σ threshold from the data mean-is found to be lower for ZnO nanowhiskers grown on n-doped Si than for nanowhiskers grown on Ti films. Note, the local electric field at the tip of an emitter can be in orders of magnitudes higher than the externally applied electric field, because of the geometrical field enhancement effect, which strongly depends on the emitters' shape. Linearization of the experimental data according to the Fowler-Nordheim (FN) theory for electron field emission permits the extraction of physical properties of the emitter [45] . By taking a work function of 5.3 eV for ZnO into account [46] , the field enhancement factors-describing the ratio between the macroscopic applied electric field and the actual electric field at the surface of the emitter-have been derived for the ZnO nanowhiskers grown on different substrate types (Figure 11b ). The field enhancement factor γ for ZnO nanowhiskers grown on n-doped Si and Ti film on bulk Si vary within their standard deviations, which were calculated from the linear fits. However, γ for ZnO nanowhiskers grown on a Ti-coated silicon nitride membrane is lower and will be considered as a separate case in further discussion.
Theoretical calculations based on FN-theory showed that a macroscopic electric field of more than 1700 V/µm would be necessary to permit FE from a flat ZnO film ( Figure S2a ), which is far above the electrical breakdown strength of a real FE measurement setup. Nevertheless, a field enhancement factor of γ = 58, as derived from the measurements of ZnO nanowhiskers on n-doped Si, enables the emission of electrons at a reasonable applied electric field of less than 35 V/µm ( Figure S2b) [48, 49] .
Several models have been established for the theoretical derivation of the field enhancement factor from the emitter's geometry [50, 51] . The so-called "hemi-ellipsoid on a plane" model can be used to calculate γ for a protrusion having an apex width which is much smaller than the radius of the emitters' base, as it can be observed for the investigated ZnO nanowhiskers (Figure 8 ). Specifically, based on determined values of the nanowhisker's geometry by SEM analysis, theoretical field enhancement factors between 180 and 400 can be calculated for ZnO nanowhiskers grown on bulk substrates being a factor three to eight-fold larger than the extracted γ values from the data fit. However, most models only consider single, free-standing emitters and do not take into account the suppression of the field enhancement effect by electrical field screening arising from neighboring emitters [52, 53] . Such a screening effect is rather likely in our case because the distance between neighboring nanowhiskers is rather small (high density) leading to a significant field screening and thus, may explain the deviation of the calculated γ and the field enhancement values, which were derived from the linearized experimental data. As a consequence, one can assume that a less densely packed array of the same ZnO nanowhiskers might have a lower threshold field [54] .
emission of electrons at a reasonable applied electric field of less than 35 V/µm ( Figure S2b) [48, 49] .
Several models have been established for the theoretical derivation of the field enhancement factor from the emitter's geometry [50, 51] . The so-called "hemi-ellipsoid on a plane" model can be used to calculate γ for a protrusion having an apex width which is much smaller than the radius of the emitters' base, as it can be observed for the investigated ZnO nanowhiskers (Figure 8 ). Specifically, based on determined values of the nanowhisker's geometry by SEM analysis, theoretical field enhancement factors between 180 and 400 can be calculated for ZnO nanowhiskers grown on bulk substrates being a factor three to eight-fold larger than the extracted γ values from the data fit. However, most models only consider single, free-standing emitters and do not take into account the suppression of the field enhancement effect by electrical field screening arising from neighboring emitters [52, 53] . Such a screening effect is rather likely in our case because the distance between neighboring nanowhiskers is rather small (high density) leading to a significant field screening and thus, may explain the deviation of the calculated  and the field enhancement values, which were derived from the linearized experimental data. As a consequence, one can assume that a less densely packed array of the same ZnO nanowhiskers might have a lower threshold field [54] . Figure 11 . (a) For each sample type, the mean of two subsequent measurements of the output current (Iout) in dependence on the macroscopic electric field (FM) is shown, with the standard deviation as an error bar. Offset and slope-caused by the transimpedance amplifier and the ohmic resistance of the plate-capacitor like measurement assembly, respectively-have already been subtracted from the data. (b) FN theory was used to derive γ from the linearized experimental data [45] and the errors were calculated from the standard deviations of the linear fits.
The observed small difference in threshold field by about 3 V/µm between ZnO-nanowhiskers on n-doped Si and Ti substrate is in agreement with the field enhancement factors derived from the experimental field emission data by applying the FN model. The aspect ratio of 14 ± 5 for ZnO nanowhiskers grown on n-doped Si is similar to whiskers on Ti with a length-to-diameter ratio of 11 ± 7. Further, the average angle distribution of the nanowhisker tips grown on Ti is only slightly Figure 11 . (a) For each sample type, the mean of two subsequent measurements of the output current (I out ) in dependence on the macroscopic electric field (F M ) is shown, with the standard deviation as an error bar. Offset and slope-caused by the transimpedance amplifier and the ohmic resistance of the plate-capacitor like measurement assembly, respectively-have already been subtracted from the data. (b) FN theory was used to derive γ from the linearized experimental data [45] and the errors were calculated from the standard deviations of the linear fits.
The observed small difference in threshold field by about 3 V/µm between ZnO-nanowhiskers on n-doped Si and Ti substrate is in agreement with the field enhancement factors derived from the experimental field emission data by applying the FN model. The aspect ratio of 14 ± 5 for ZnO nanowhiskers grown on n-doped Si is similar to whiskers on Ti with a length-to-diameter ratio of 11 ± 7. Further, the average angle distribution of the nanowhisker tips grown on Ti is only slightly broader with 37 ± 6 • than on n-doped Si with 32 ± 4 • pointing to an only slightly larger radius of curvature at the emitters' tip on Ti substrate. Based on the theoretical models, both the aspect ratio as well as the tip curvature should result in a similar enhancement effect. Note, the field emission model by Fowler and Nordheim considers only metal emitters; for semiconducting materials, effects such as electric field penetration, band bending or Schottky barriers at the substrate-electrode interface can alter the electron emission properties and thus, can influence the turn-on field [48] .
In literature, turn-on fields for FE from ZnO nanopillars grown without any catalyst vary from about 22.8 V/µm [31] down to 5.3 V/µm [35] , depending on the growth setup and substrate type used, but have in common that Zn powder was utilized as precursor [36, 37] . The turn-on field is reported to be below 10 V/µm for nanowhiskers grown by vapor-liquid-solid dominated processes because the usage of a catalyst can cause a higher aspect ratio [55] and additionally, offers control about the nanowhisker density, which is essential to reduce the field screening effect [33] . However, the influence of the metal catalyst at the emitters' tip is often not considered in the analysis of the field emission data.
Finally, ZnO nanowhiskers grown on a Ti-coated, freestanding SiN membrane showed FE at higher turn-on fields than nanowhiskers on bulk substrates. It was expected from earlier reports that the displacement of the membrane under the applied electrostatic field could cause an additional enhancement of the FE [56] , however, the contrary effect was observed. On the one hand, the large membrane thickness of 1.5 µm might hinder the bending of the membrane and therefore, suppress any additional enhancement effect. On the other hand, the reduced nanowhisker length on the free-standing silicon nitride membrane might be related to slightly different local temperatures during deposition caused by the low thermal contact between membrane and ceramic boat. As a consequence, a smaller aspect ratio of the nanopillars (8 ± 5) compared to ZnO nanowhiskers grown on bulk substrates is observed. This reduced aspect ratio leads to a smaller field enhancement factor-mirrored in the fitted values ( Figure 11b )-which in turn leads to a larger threshold field for electron emission.
Conclusions
The effect of the process parameters, such as growth temperature, substrate position and size, gas flow, used amount of zinc precursor, growth time and substrate type on the morphology of ZnO nanowhiskers grown by low-temperature vapor-solid mechanism utilizing zinc acetylacetonate hydrate as a zinc precursor was investigated. The parameters were optimized to receive nanowhiskers with the nearest distribution in dimensions and aspect ratios as high as possible for using them for electron field emission applications.
We showed for the first time, FE measurements from ZnO nanowhiskers grown with the precursors zinc acetylacetonate hydrate and oxygen. Modifications of the turn-on field for FE were observed in dependence on the utilized substrate type (bulk vs. membrane), which were explained by the structural differences of the nanowhiskers, affecting the geometrical field enhancement effect.
Expansion of the accessible experimental parameter range during growth or an additional post-growth treatment, such as thermal annealing or coating by atomic layer deposition, to name a few of them, may give the experimentalist the opportunity to tune the electronic properties of the emitter surface, which could enhance field emission at lower electric fields [57] [58] [59] .
Moreover, nanowhisker growth on thin membranes could potentially be applied in the recently developed nanomembrane detector for MALDI-TOF mass spectrometry, which is a field emission based detection system that has the capability of extending the accessible mass range for a time-of-flight mass spectrometer [56] .
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